Background-Biventricular pacing in heart failure (HF) improves survival, relieves symptoms, and attenuates left ventricular (LV) remodeling. However, little is known about biventricular pacing in HF patients with atrioventricular block because they are typically excluded from biventricular trials.
T he Biventricular versus Right Ventricular Pacing in Heart
Failure Patients with Atrioventricular Block (BLOCK HF) trial met its primary end point and showed that biventricular pacing reduces the risk of all-cause mortality, heart failure (HF)-related urgent care visits, or an increase ≥15% left ventricular (LV) end systolic volume index (LVESVI) for patients with atrioventricular block (AVB) and systolic dysfunction. 1 Several randomized clinical trials, including Multicenter InSync Randomized Clinical Evaluation (MIRACLE), 2 Comparison of Medical Therapy, Pacing, and Defibrillation in Heart Failure (COMPANION), 3 Cardiac Resynchronization-Heart Failure (CARE-HF), 4 Resynchronization Reverses Remodeling in Systolic Left Ventricular Dysfunction (REVERSE), 5 Multicenter Automatic Defibrillator Implantation Trial with Cardiac Resynchronization Therapy (MADIT-CRT), 6 and Resynchronization-Defibrillation for Ambulatory Heart Failure Trial (RAFT) 7 have demonstrated the efficacy of biventricular pacing in patients with HF by inducing structural and functional LV reverse remodeling. 8 Traditionally, patients with New York Heart Association (NYHA) classes II to IV HF and a class I indication for permanent pacing have been treated with right ventricular (RV) pacing and optimization of medical therapy. However, chronic RV pacing has been shown to be associated with new-onset HF, a condition that has been called RV pacinginduced cardiomyopathy. [9] [10] [11] This condition occurs in ≈20% of patients after prolonged periods of RV pacing. 11 In this analysis, we assessed the effect of biventricular versus RV pacing in HF patients with AVB with 2 specific aims (1) to determine whether biventricular pacing has a consistently greater and more favorable effect than RV pacing on LV reverse remodeling and attenuation of progressive LV dysfunction; and (2) to detect differences in LV architecture, function, and intraventricular mechanical delay (IVMD) associated with biventricular versus RV pacing using transthoracic echocardiography.
Methods
Enrollment criteria for the BLOCK HF trial have been published previously. 1 The Institutional Review Board of each participating institution approved the study protocol and all patients provided written informed consent. All patients had a standard class I or IIa indication for permanent pacing because of AVB, NYHA classes I to III systolic HF, and LV ejection fraction (LVEF) ≤50%. Patients with permanent atrial arrhythmias who had intrinsic AVB or AVB because of AV node ablation, as well as patients meeting class I indications for implantable cardiac defibrillators were enrolled. All subjects received a cardiac resynchronization therapy (CRT) pacemaker (CRT-P), or CRT defibrillator (CRT-D) if there was an indication for defibrillation therapy, and were RV paced for 30 to 60 days, while HF medical therapy was optimized. Subjects were subsequently randomly assigned 1:1 to biventricular or RV pacing, and underwent an echocardiographic examination at randomization and 6-, 12-, 18-, and 24-month postrandomization.
Echocardiograms and Doppler velocity signals were digitized to calculate changes in LVEF, LVESVI, LV end diastolic volume index (LVEDVI), LV dimension at end diastole (LVEDD), LV dimension at end systole (LVESD), LV mass, mitral regurgitation (MR), cardiac index, IVMD, defined as the time difference between peak septal and peak posterior wall excursion, and transmitral peak E-wave and A-wave velocity ratio. LV volumes were estimated according to Simpson method and indexed to body surface area, and LVEF was calculated using a standardized protocol. 12 The severity of MR was assessed as the regurgitant jet area/left atrial area. All two-dimensional echocardiographic measurements were made by a senior sonographer (T.P.) with >30 years of experience in quantitative analysis of echocardiograms at the Echo Core laboratory.
Statistics
At the time the trial was designed, the lack of data for patients in this population receiving biventricular therapy added uncertainty to the sample size and follow-up requirements for the primary objective. Thus, an adaptive Bayesian study design allowing up to 1200 patients to undergo randomization was used, featuring sample size re-estimation, and 2 interim analyses with prespecified trial-stopping rules. 13 All objectives were evaluated with intention-to-treat analyses. SAS 9.2, R, and WinBUGS1.4 statistical software were used to implement the statistical models. The primary tool for analysis of change in echo parameters was the posterior distribution, which defines the probable set of values a parameter (eg, biventricle -RV difference in mean LVEF improvement) can take using study data and prespecified previous distributions. For each echo parameter, the previous distributions for the change from randomization to the time point of interest in each arm were assumed to be normal (N [μ, σ 2 ]), with μ having an N (0, 102) distribution and 1/σ 2 having a γ (0.001, 0.001) distribution.
For each echo parameter, the overall (combining CRT-P and CRT-D subjects) posterior distributions for the biventricle -RV difference in average changes were generated for 6-, 12-, 18-, and 24-month visits (follow-up -randomization), and a 95% 2-sided credible set was obtained, which consists of 2.5% to 97.5% of the posterior distribution, and can be thought of as the range of values within which the parameter falls with 95% probability. Statistical significance was defined by the 95% credible set falling to the left or right of zero.
In addition, for each parameter, a device poolability assessment was performed by generating the posterior distribution for the CRTP -CRT-D difference in biventricle -RV average changes from randomization. A significant difference between device groups was defined by the corresponding 95% 2-sided credible set not containing zero.
Modeling analyses were performed using data from all time points at once. For each echo parameter, a mixed effects model was fit with randomized arm serving as a fixed effect, time (6, 12, 18 , and 24 months) serving as both linear and quadratic fixed effects, and subject serving as a random effect. The 95% credible sets were generated from these models to assess the effect of biventricular pacing on each parameter.
Ancillary analyses were performed using frequentist methods, with P values serving as the metric of evaluation. We assessed the individual and combined modifying effects of age, sex, NYHA class, and LVESVI at randomization on changes in the 10 echo parameters using mixed effects models, with interaction terms for the treatment effect with each covariate, and subject treated as a random effect.
Cox proportional hazards models were fit to assess the predictive value of LVESVI on mortality, first HF hospitalization, mortality or first HF hospitalization, and mortality or first HF urgent-care visit, a primary end point of the trial. 1 LVESVI was treated as a time-dependent covariate, using values at randomization and later time points to account for worsening or improvement over time.
Additional subgroup analyses were conducted to determine whether relationships existed that were not apparent when the whole data set was explored. These compared changes in the 10 predefined echo parameters: history of atrial fibrillation (AF) versus no AF, left bundle branch block (LBBB) versus no LBBB, and RV lead apical versus nonapical placement.
Reproducibility
We assessed intraobserver reproducibility of the echo parameters in 100 non-BLOCK patients with HF. Concordance Correlation Coefficients were 0.88 for LVEDVI, 0.90 for LVESVI, 0.71 for LVEF, 0.91 for transmitral peak A-wave, and 0.78 for transmitral peak E-wave.
Results
A total of 918 patients were enrolled from December 2003 through November 2011 at 58 sites in the United States and 2 sites in Canada. Of enrolled subjects, 691 were randomized, with 624 (442 CRT-P and 182 CRT-D) having paired data for ≥1 analyses of echo parameters (Figure 1 ). Reasons for missing echo data included no body surface area recorded, echocardiogram not performed or not analyzable, or followup visit missed. Within device groups, average demographics and cardiac function values were comparable between arms at randomization (Table 1) . For most echo parameters, results were consistent across time points regarding statistical significance (Table 2) , and poolability analyses did not show significant differences between CRT-D (average enrollment LVEF, 33%) and CRT-P (average enrollment LVEF, 43%) subjects.
Linear LV Dimensions and Volumes
The randomization arms differed significantly with regard to change in LVEDD ( Table 2) , but the small differences were unlikely clinically or biologically meaningful. Biventricular subjects had an average of 0.1 cm reduction in LVEDD at all time points ( Figure 2 ). In contrast, RV subjects showed no change.
Biventricular subjects showed a significantly greater reduction in LVESVI and LVEDVI than RV subjects at each time point ( Figure 2 ; Table 2 ). The average reduction in LVESVI among biventricular subjects varied from 6 to 8.8 mL/m 2 , whereas RV subjects, on average, had little change. The average reduction in LVEDVI among biventricular subjects ranged from 6.2 to 9.8 mL/m 2 , whereas the average reduction among RV subjects varied from 0.1 to 1.1 mL/m 2 (Figure 2) .
A reduction in LVESVI ≥15% was more often encountered in biventricular compared with RV subjects (Figure 3 ). At 6 months, 44% of biventricular subjects experienced ≥15% reduction in LVESVI compared with 25% of RV subjects. A total of 68% of biventricular subjects had any reduction in LVESVI at 6 months, compared with only 50% of RV subjects. This was a consistent finding at each time point and typifies the magnitude of response to biventricular pacing in patients with HF. [2] [3] [4] [5] [6] [7] 
LV Ejection Fraction
Biventricular subjects experienced significant improvements in LVEF compared with RV subjects. (Table 2; Figure 2 ). On average, biventricular subjects experienced a 3% increase in LVEF at 6 months, whereas RV subjects experienced a 0.3% decrease. Similar changes were seen in biventricular subjects at 12, 18, and 24 months; RV subjects' LVEF did not improve at any time point.
LV Mass
There was a consistent trend for greater reduction in LV mass in biventricular compared with RV subjects (Figure 2 ). The average reduction in LV mass in biventricular subjects ranged from 8.4 to 19.4 g, whereas in RV subjects the average reduction ranged from 4.2 to 7.2 g. A significant difference between arms was observed at 12 and 24 months.
Intraventricular Mechanical Delay
Average IVMD was similar at randomization but shortened significantly in biventricular subjects at 6 months (49.9 ms; Figure 2 ) compared with virtually no change in RV subjects (−4.2 ms; Figure 2 ). These significant differences persisted throughout 24 months.
Mitral E/A Wave Velocity Ratio, Cardiac Index, and MR
The mean values for transmitral peak E-and A-waves, E/A velocity ratio, cardiac index, and MR for biventricular versus RV and CRT-P versus CRT-D subjects were similar during 24 months of follow-up.
Modeling Analyses
The results of modeling accounting for all time points were similar to those of the individual time point analyses, as there was a significant difference between arms with regard to LVEF, LVESVI, LVEDVI, LVEDD, IVMD, and LV mass. The quadratic effect for time was not significant for any of the 10 parameters, whereas the linear time effects were significant for LVESVI, LVEDVI, and LV mass, suggesting greater reductions over time. 
Effect Modification
We assessed the potential effect modification of baseline covariates, such as age, sex, LVESVI, LVEF, and NYHA on LV reverse remodeling. Interaction terms for biventricular therapy with these covariates were not significant with the exception of randomization LVESVI in predicting LVESVI and LVEDVI over time. This showed a treatment effect that was consistent across baseline LVEF and NYHA class. However, the treatment effect was greater for subjects with higher baseline LVESVI (P=0.03), although the incremental effect was small. With regard to age and sex, we could not confirm the disproportionate beneficial reverse remodeling in women compared with men as reported previously. 6, 14 There was no detectable independent confounding effect of age during follow-up.
Predictive Value of LVESVI
All 653 subjects with measureable LVESVI at randomization were included in the analyses assessing how LVESVI affects the risk of clinical outcomes. For all the 4 study end points (mortality, mortality or HF urgent care, mortality or HF hospitalization, and HF hospitalization), elevated LVESVI measures at either randomization or follow-up were found to significantly increase relative risk ( Table 3 ). The estimated hazard ratios ranged from 1.007 for mortality to 1.01 for first HF hospitalization, meaning that a 10 mL/m 2 increase in LVESVI would be associated with a 7% increase in the risk of death, and 10% increase in the risk of HF hospitalization. Values are number (percent), except where otherwise indicated. AF indicates atrial fibrillation; AV, atrioventricular; AVB, atrioventricular block; BIV, biventricular; CI, cardiac index; CRT-D, cardiac resynchronization therapy, defibrillator; CRT-P, cardiac resynchronization therapy, pacemaker; IVMD, intraventricular mechanical delay; LBBB, left bundle branch block; LV, left ventricular; LVEDD, LV dimension at end diastole; LVEDVI, LV end diastolic volume index; LVEF, LV ejection fraction; LVESD, LV dimension at end systole; LVESVI, LV end systolic volume index; MR, mitral regurgitation; NYHA, New York Heart Association; and RV, right ventricular. May 2015
Subgroup Analyses
We performed additional subgroup analyses to determine whether any discoverable relationships existed using the following: history versus no history of AF, LBBB versus no LBBB, and RV lead apical versus non-apical location. The only analysis that showed a consistently significant difference between randomized arms was history of AF. Among subjects with a history of AF, MR reductions between 2.21% and 4.53% over time were observed in biventricular-paced subjects, compared with changes between 0.14% and 1.33% in RV-paced subjects. Conversely, among subjects with no history of AF, the biventricular arm saw less average change (ranging from a 0.35% reduction to a 1.14% increase), whereas the RV arm saw both the average reductions and the average improvements of >1% to 2% over time.
Discussion
In this echo analysis of the BLOCK HF trial, cardiac structure and function were improved with biventricular pacing for patients with AVB and LV systolic dysfunction. Relative to randomization, which followed 30 to 60 days of RV pacing, biventricular pacing significantly reduced LV volume indices and IVMD, and improved LVEF, consistent with LV reverse remodeling. These parameters showed little change with RV pacing alone, indicating no systematic reverse remodeling with RV pacing. In addition, LVESVI was found to be a significant predictor of mortality and HF hospitalization in this population.
As heart disease progresses into HF, heart size increases, cardiac function deteriorates, and symptoms of HF ensue. 15 This dynamic process is known as LV remodeling. Understanding the extent of LV remodeling can help to assess the prognosis of HF-the greater the extent of remodeling, the poorer the prognosis. Relatively small increases in ventricular volume have been associated with an increased risk of death in patients with coronary artery disease, recent MI or HF. [16] [17] [18] [19] Therefore, treatments that prevent or reverse LV remodeling are clinically beneficial. Almost all successful contemporary therapies for HF, including drug therapy and CRT attempt to reduce LV size and, thereby reverse remodel the LV. Early HF trials demonstrated that drug therapy that limited or reversed LV remodeling resulted in improved long-term survival. 20 However, most large multicenter HF trials have shown that pharmaceutical agents attenuate rather than reverse remodel the LV, with a few notable exceptions. 21, 22 In addition to improvements in exercise capacity, NYHA class, and quality of life, evidence of the arrest or reversal of ventricular remodeling has been demonstrated with CRT. [2] [3] [4] [5] [6] [7] [8] [23] [24] [25] [26] Although most previous CRT trials have excluded patients with AVB, these new data from BLOCK HF provide evidence that biventricular pacing in patients with high-grade AVB and LV dysfunction (LVEF ≤50%) is associated with progressive reverse remodeling, improvement in LVEF, and attenuation of disease progression. These changes were sustained through 24 months of follow-up. In contrast, traditional RV pacing was not associated with progressive LV reverse remodeling or change in LVEF at follow-up. Importantly, in the BLOCK HF trial, randomization occurred after implant and 30 to 60 days of RV pacing, while HF medical therapy was optimized, so changes or lack of changes observed are relative to this time point. The difference in LV remodeling between biventricular and RV pacing could not be explained by any skewed distribution at randomization of patients with CRT-D who had larger LV volumes, lower EF, and greater prevalence of NYHA class III than patients with CRT-P because patients with CRT-D were equally distributed across the 2 randomized arms.
The importance of LV size, particularly LVESVI and its relationship to clinical outcomes, has been previously documented. [27] [28] [29] [30] [31] The REVERSE trial reported that significant reverse LV remodeling at a threshold of >15% reduction in LVESVI at 12 months was associated with a clinical response to CRT. 30 In a quantitative echocardiographic substudy of the Survival and Ventricular Enlargement (SAVE) trial, LVESVI was shown to be the most powerful predictor of outcome that included death, development of HF, or recurrent myocardial infarction. 29 Similarly, in the BLOCK HF trial, more than two thirds of the biventricular subjects had an improvement in LVESVI that was durable over time. Biventricular pacing resulted in greater LVESVI reductions than RV pacing and for every 10 mL/m 2 increase in LVESVI, there was a 7% increased risk of death, 7% increased risk of death or HF urgent care, 8% increased risk of death or HF hospitalization, and 10% increased risk of HF hospitalization (Table 3) . In BLOCK HF, LVESVI was smaller than in NYHA class II subjects in REVERSE and NYHA class III/IV subjects in MIRACLE and MIRACLE ICD, 2,32 indicating less advanced HF and a better prognosis.
In the BLOCK HF trial, subjects in both the pacing arms had similarly prolonged IVMD at randomization because of a comparable degree of intraventricular dyssynchrony. However, coincident with biventricular pacing, there was a reduction in IVMD consistent with decreased dyssynchrony and restoration of more normal coordinated LV and RV contraction patterns that was sustained through 24 months. By contrast, there was no change in IVMD in RV-paced subjects. The trigger for reverse remodeling in HF patients with AVB may have been the onset of biventricular pacing. A robust direct relationship previously has been demonstrated between improvement in LV volume indices and IVMD with CRT in the REVERSE trial. 28, 33 We found no evidence for RV pacing-induced cardiomyopathy, which has been reported to involve up to 20% of patients. 10 Our failure to detect either LV dilation or progressive decrease in LVEF may reflect that the randomization visit served as the baseline measure, which came after 30 to 60 days of RV pacing per the study design. An alternative explanation for our findings is that RV pacing-induced cardiomyopathy must be mild, rare, or occur only after considerably longer RV stimulation. 11 We examined the potential modifying effects of several possible confounders that included age, sex, NYHA class, and LVESVI. Previous studies have reported a greater response to biventricular pacing in women than men, 6,14 which we were unable to confirm. We also assessed the modifying effects of baseline LVESVI. Treatment effect on LV remodeling (LVESVI and LVEDVI) was greater for patients with higher baseline LVESVI (P=0.03) although the incremental effect was small.
When the patient population was divided into those with or without LBBB, there were no differences in LV reverse remodeling or in the 10 echocardiographic parameters between biventricular and RV pacing. In similar fashion, there were no consistent differences in reverse remodeling between patients with CRT-P (≈LVEF ≥35%) or patients with CRT-D (≈LVEF <35%), or with RV lead apical placement compared with nonapical placement, with biventricular or RV pacing. However, among subjects with a history of AF, reductions in MR over time were observed in biventricular subjects as compared with RV subjects.
Limitations
A potential short-coming of this study was the degree of missing echo data, because in part, of subjects failing to return for follow-up echocardiograms and clinic visits, technically limited echo data that precluded quantification, and the absence of body surface area. In addition, the trial was designed to allow follow-up of all subjects through 12 months, and was stopped once a prespecified end point was met. This prevented some subjects from completing an 18-or 24-month visit. However, all available comparative data were used in the statistical analyses of each echo parameter at each time point, and the modeling analysis, which used all available data at all scheduled visits, produced similar results to those of the individual time point analyses.
Finally, a further limitation to be noted is the relative paucity of data on mitral and tricuspid valve regurgitation, although both seemed mild. We also report the interaction of AF and MR.
Conclusions
In patients with AVB and NYHA classes I to III systolic HF, biventricular pacing results in reverse structural and functional LV remodeling, whereas traditional RV pacing does not. Worsening LVESVI was associated with increased risk of adverse clinical outcomes. Biventricular pacing resulted in superior improvement in LVESVI compared with RV pacing through 24 months. This detailed echocardiographic analysis has important clinical implications in supporting the use of biventricular pacing de novo rather than RV pacing for this patient population. 
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